Previous studies have shown that female offspring are resistant to fetal stress-induced programming of ischemicsensitive phenotype in the heart; however, the mechanisms responsible remain unclear. The present study tested the hypothesis that estrogen plays a role in protecting females in fetal programming of increased heart vulnerability. Pregnant rats were divided into normoxic and hypoxic (10.5% O 2 from Day 15 to 21 of gestation) groups. Ovariectomy (OVX) and estrogen (E 2 ) replacement were performed in 8-wk-old female offspring. Hearts of 4-mo-old females were subjected to ischemia and reperfusion injury in a Langendorff preparation. OVX significantly decreased postischemic recovery of left ventricular function and increased myocardial infarction, and no difference was observed between normoxic and hypoxic groups. The effect of OVX was rescued by E 2 replacement. OVX decreased the binding of glucocorticoid receptor (GR) to glucocorticoid response elements at angiotensin II type 1 (Agtr1) and type 2 (Agtr2) receptor promoters, resulting in a decrease in Agtr1 and an increase in Agtr2 in the heart. Additionally, OVX decreased estrogen receptor (ER) expression in the heart and inhibited ER/ GR interaction in binding to glucocorticoid response elements at the promoters. Consistent with the changes in Agtrs, OVX significantly decreased Prkce abundance in the heart. These OVX-induced changes were abrogated by E 2 replacement. The results indicate that estrogen is not directly responsible for the sex dimorphism in fetal programming of heart ischemic vulnerability but suggest a novel mechanism of estrogen in regulating cardiac Agtr1/Agtr2 expression patterns and protecting female hearts against ischemia and reperfusion injury.
INTRODUCTION
Heart disease is a leading cause of death in the United States. Large epidemiological and animal studies have demonstrated that an adverse intrauterine environment leads to adaptive changes that may result in increased risk of ischemic heart disease in adulthood [1] [2] [3] [4] . Hypoxia is a common intrauterine insult experienced by the developing fetus. Although a low oxygen tension is needed for proper heart formation and maturation during embryonic and fetal development, recent studies have shown that maternal chronic hypoxia results in promoter methylation and repression of cardioprotective genes, such as Prkce [5, 6] . This fetal stressinduced epigenetic reprogramming of gene expression patterns increased myocardial vulnerability to ischemia and reperfusion (I/R) injury in male offspring [6] [7] [8] [9] .
Of interest, female offspring were protected from the effect of prenatal hypoxia and showed no significant increase in myocardial vulnerability to I/R injury [9] . The question raised is whether postnatal ovarian hormones may be responsible for this gender-specific resistance in heart vulnerability to I/R injury observed in female offspring exposed to prenatal hypoxia. Observational studies have discovered that premenopausal women tend to be more resistant to cardiovascular disease compare to age-matched men. The risk of cardiovascular disease among women increases after the onset of menopause [10] . Although there exists controversy as to the role of estrogen replacement in cardiovascular protection in postmenopausal women, studies have shown that younger postmenopausal women given short courses of hormone replacement therapy gain added protection from cardiovascular disease [11] . This suggests that estrogens are a key factor in gender-specific cardioprotection, and their effects are dependent on duration and temporal exposure. Likewise, animal studies have shown that estrogens play a key role in maintaining vascular function and protecting against I/R injury [12] [13] [14] . Additionally, ovariectomized rats are more susceptible to injury from I/R insult but regain cardioprotection with estrogen replacement [15] . Estrogens exert their biological effects through the binding of two different estrogen receptors, estrogen receptor a (ERa) and estrogen receptor b (ERb). ERa and ERb are transcription factors that form dimers upon activation and regulate cell survival, growth, and metabolism through modulation of gene expression. Estrogens also activate an orphan G-protein-coupled receptor (GPR30), which is known to transiently activate signaling kinases that may play a role in cardioprotection [10, 16] . ERs may also cross talk with transcription factors, such as Sp1, which may result in direct or indirect binding to DNA for regulation of gene expression [17] .
Another important factor in cardiovascular homeostasis and disease is angiotensin II (Ang II) hormonal regulation [18, 19] . Ang II acts on two main G-protein-coupled receptor subtypes, type 1 (Agtr1) and type 2 (Agtr2) Ang II receptors, which are expressed in cardiomyocytes and play a key role in myocardial response to I/R injury [20] . Previous studies have shown that acute stimulation of Agtr1 or blockade of Agtr2 in the heart protect the left ventricle (LV) from I/R injury [8, 21, 22] . The regulation of Agtr expression can be regulated by the glucocorticoid receptor (GR) when it binds to glucocorticoid response elements (GREs) within the promoter region of the Agtr promoter. Additionally, studies have shown that estrogen replacement regulates Agtr1 and Agtr2 expression in the kidney [23, 24] . However, the mechanisms underlying the estrogen-induced regulation of Agtr1 and Agtr2 expression in the heart are not well understood.
The role of postgestational estrogens in gender-specific fetal programming of cardiac disease is yet to be elucidated. Furthermore, the mechanisms of estrogens in protecting the heart from I/R injury are not fully understood. Herein, we present evidence that postnatal ovarian hormones are not responsible for the gender-specific resistance in cardiac I/R injury observed in female offspring exposed to antenatal hypoxia; however, estrogen protects the heart against cardiac I/ R injury in both normoxic control and antenatal hypoxic female offspring. We further show that the cardioprotective effects of estrogen involve ER/GR cross talk at GREs located at Agtr1 and Agtr2 promoters, resulting in alterations in the Agtr1 to Agtr2 ratio in the heart.
MATERIALS AND METHODS

Experimental Animals
All the procedures and protocols were approved by the Institutional Animal Care and Use Committee of Loma Linda University and followed the guidelines by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Time-dated pregnant Sprague-Dawley rats were randomly divided into two groups: 1) normoxic control and 2) hypoxic treatment of 10.5% O 2 from Days 15 to 21 of gestation as reported previously [9] . All of the dams were allowed to deliver at term, and the newborn pups were kept with their mothers until weaning. At weaning, only female offspring were kept for the present study.
Ovariectomy and Estrogen Replacement
Ovariectomy (OVX) and sham operation were performed in 8-wk-old female rats, as previously described [25] [26] [27] . Briefly, animals were anesthetized with intramuscular injection of 75 mg/kg ketamine and 5 mg/kg xylazine, and adequate anesthesia was determined by loss of the pedal withdrawal reflex. A ventral midline incision was made, the ovarian vessels were tied off, and the ovaries were removed (OVX group). The sham operation had a ventral midline incision, and the ovaries were visualized but not removed. Seven days after OVX, 17b-estradiol (E 2 ) valerate minipellets (7.5 mg for 90-day release; Innovative Research of America) were implanted in half of animals for estrogen replacement as reported previously [25] [26] [27] . There were six groups of experimental animals: 1) normoxia-sham, 2) hypoxia-sham, 3) normoxia-OVX, 4) hypoxia-OVX, 5) normoxia-OVXþE 2 , and 6) hypoxia-OVXþE 2 . Our recent study [26] in the same animal model demonstrated that plasma estrogen levels were significantly lower in OVX rats (4 pg/ml) than those in sham rats (28 pg/ml), and E 2 replacement restored plasma estrogen levels in OVX rats (32 pg/ml). In addition, plasma estrogen levels were not significantly different between antenatal hypoxic-treated and normoxic control animals [26] .
Hearts Subjected to I/R
Hearts of 4-mo-old offspring were isolated and retrogradely perfused via the aorta in a modified Langendorff apparatus as previously described [9] . After the baseline recording, hearts were subjected to 20 min of global ischemia by stopping the perfusion, followed by 30 min of reperfusion in a Langendorff preparation. LV-developed pressure, heart rate, change in pressure over time (i.e., dP/dt max , dP/dt min ), and LV end diastolic pressure were continuously recorded. At the end of reperfusion, the LV was cut into four slices, incubated with 1% 2,3,5-triphenyl tetrazolium chloride solution for 15 min at 378C, and immersed in formalin for 30 min. Each slice was then photographed separately, and areas of myocardial infarction in each slice were analyzed by computerized planimetry (Image J; National Institutes of Health), corrected for the tissue weight, summed for each heart, and expressed as a percentage of the total LV weight. Lactate dehydrogenase (LDH) activity was measured in coronary effluent collected at 30 sec before the onset of ischemia, and at 0, 1, 2, 3, 4, 5, 10, 15, 20, and 30 min of reperfusion. LDH activity was measured using a standard assay (TOX 7 kit; Sigma), following the manufacturer's directions.
Western Blot Analysis
LVs were homogenized in a lysis buffer containing 150 mM NaCl, 50 mM Tris HCl, 10 mM ethylenediaminetetraacetic acid, 0.1% Tween-20, 1% Triton, 0.1% b-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, 5 lg/ml leupeptin, and 5 lg/ml aprotinin, pH 7.4, and allowed to incubate for 1 h on ice. Homogenates were then centrifuged at 48C for 10 min at 10 000 3 g and supernatants collected. Nuclear extracts were prepared from hearts using NXTRACT CelLytic Nuclear Extraction Kit (Sigma), based on the classical method of Dignam et al. [28] . This method is robust and has been tested by numerous studies. Although there is a paucity of nuclear compartment specific and unique protein markers and many, if not all, common nuclear proteins are also copresent in the cytosol, our previous studies showed the enrichment of transcription factors, including Sp1, Egr1, and ERa in the nuclear extract preparation. Protein concentrations were measured using a protein assay kit (Bio-Rad). Samples with equal amounts of protein were loaded onto 10% polyacrylamide gel with 0.1% SDS and separated by electrophoresis at 100 V for 90 min. Proteins were then transferred onto nitrocellulose membranes. Nonspecific binding sites was blocked for 1 h at room temperature in a Trisbuffered saline solution (20 mM Tris, 500 mM sodium chloride, pH 7.5) containing 5% dry-milk. The membranes were then probed with primary antibodies against Prkce (1:500 dilution), Prkcd (1:500 dilution), Agtr1 (1:100 dilution), Agtr2 (1:200 dilution), glucocorticoid receptor (GR, 1:2000 dilution), estrogen receptor a (ERa, 1:200 dilution), and ERb (1:200 dilution) (Santa Cruz Biotechnology). To assure equal loading, band intensities were normalized to actin. After washing, membranes were incubated with secondary horseradish peroxidase-conjugated antibodies (Calbiochem). Proteins were visualized with enhanced chemiluminescence reagents, and blots were exposed to Hyperfilm. The results were analyzed with the Kodak ID image analysis software. The bands on the Western blots were quantified as pixel numbers.
Real-Time RT-PCR
RNA was extracted from LVs using TRIzol protocol (Invitrogen). Prkce, Prkcd, Agtr1a, Agtr1b, and Agtr2 mRNA abundance was determined by realtime RT-PCR using Icycler Thermal cycler (Bio-Rad), as described previously [8] . The primers used were: Prkce, (forward) and 5 0 -TGCACATCACAGGTCCAAAGA-3 0 (reverse). Real-time RT-PCR was performed in a final volume of 25 ll. Each PCR reaction mixture consisted of primers, iScript reverse transcriptase (Bio-Rad), and iQ SYBR Green Supermix (Bio-Rad). We used the following RT-PCR protocol: 508C for 10 min, 958C for 5 min, followed by 40 cycles of 958C for 10 sec, 568C for 30sec, and 728C for 20sec. GAPDH was used as an internal reference, and serial dilutions of the positive control was performed on each plate to create a standard curve. PCR was performed in triplicate, and threshold cycle numbers were averaged.
Electrophoretic Mobility Shift Assay
Nuclear extracts were collected from LVs of sham control and OVX and E 2 replacement groups using NXTRACT CelLytic Nuclear Extraction Kit (Sigma). The oligonucleotide probes of GREs at rat Agtr1a and Agtr2 promoter region were labeled and subjected to gel shift assays using the Biotin 3 0 end labeling kit and LightShift Chemiluminescent Electrophoretic Mobility Shift Assay (EMSA) kit (Pierce Biotechnology) as previously described [29] . Briefly, single-stranded oligos were incubated with terminal deoxynucleotidyl transferase (TdT) and biotin-11-dUTP in binding mixture for 30 min at 378C. The TdT adds a biotin-labeled dUTP to the 3 0 -end of the oligonucleotides. The oligos were extracted using chloroform and isoamyl alcohol to remove the enzyme and unincorporated biotin-11-dUTP. Dot blots were performed to ensure the oligos were labeled equally. Combining sense and antisense oligos exposed to 958C for 5 min was done to anneal complementary oligos. The labeled oligonucleotides were then incubated with or without nuclear extracts in the binding buffer (from the LightShift kit). Binding reactions were performed in 20 ll containing 50 fmol oligonucleotide probes, 13 binding buffer, 1 lg of poly (dI-dC), and 5 lg of nuclear extracts. For competition studies, increasing concentrations of nonlabeled homologous and heterologous oligonucleotides were added to the binding reactions. The samples were then run on a native 5% polyacrylamide gel. The contents of the gel were then transferred to a nylon membrane (Pierce) and crosslinked to the membrane using an ultraviolet crosslinker (125 mJoules/cm using the reagents provided in the LightShift kit. The bands on EMSA blots were quantified as pixel numbers.
Chromatin Immunoprecipitation
Chromatin extracts were prepared from LVs of sham control and OVX and E 2 replacement groups. Chromatin immunoprecipitation (ChIP) assays were performed using the ChIP-IT kit (Active Motif) as previously described [6] . Briefly, hearts were exposed to 1% formaldehyde for 10 min to crosslink and maintain DNA/protein interactions. After the reactions were stopped with glycine, hearts were washed, chromatin isolated, and the DNA sheared into fragments (100-500 base pairs) using a sonicator. ChIP reactions were performed using GR antibody to precipitate the transcription factor/DNA complex. Crosslinking was then reversed using a salt solution and proteins digested with proteinase K. Primers flanking GRE1, GRE2, and GRE3 at the promoter of Agtr1a were used: 5 0 -TGGAACCAATGCTGCTTGTAA-3 0 (forward) and 5 0 -CGAGTCCTCACTAGCAATTCA-3 0 (reverse); 5 0 -TTGC TAGTGAGGACTCGAATC-3 0 (forward) and 5 0 -GCATCGGGAGCCAGAA TCA-3 0 (reverse); and 5 0 -ATGCCATCTGTAATCCACAAC-3 0 (forward) and 5
0 -GCCACATGAACTGACTCCAA-3 0 (reverse), respectively. Primers flanking GRE4, GRE5, GRE6, GRE7, and GRE8 at the promoter of Agtr2 were used: 5 0 -GCAAGCAGGGTAGAGATTAAA-3 0 (forward) and 5 0 -GACAGA TTTTAAATAAATTCCC-3 0 (reverse); 5 0 -TGAGTAACTAATATCCCC ATTT-3 0 (forward) and 5 0 -GCTTCACAAGCCACATCTCA-3 0 (reverse); 5 0 -GCT GCTGCTGGCTGGTAT-3 0 (forward) and 5 0 -ACAAGTAA GGATGATT ATG-3 0 (reverse); 5 0 -TTAATGTTTTGCAGCCAGAAA-3 0 (forward) and 5 0 -GGGGAGCCTTCAACCTACAT-3 0 (reverse); and 5 0 -CCAGAGGTCTGGTG CAGTTA-3 0 (forward) and 5-ACTTACCTTAAAATGCAGGCT-3 0 (reverse), respectively. PCR amplification products were visualized on 2% agarose gel stained with ethidium bromide. To quantify PCR amplification, real-time PCR were carried out with 5 min initial denaturation followed by 45 cycles of 958C for 10 sec, 568C for 30 sec, and 728C for 10 sec, using the iQ SYBR Green Supermix with iCycler real-time PCR system (Bio-Rad). To determine the cross talk of ER and GR at GREs, chromatin reimmunoprecipitation (Re-ChIP) assays were performed using the Re-ChIP-IT kit (Active Motif). Briefly, after the first ChIP reaction using GR antibody to precipitate the transcription factor/ DNA complex, the second ChIP reaction was performed using ERa antibody to precipitate the transcription factor/DNA complex. Crosslinking was then reversed using a salt solution and proteins digested with proteinase K. PCR amplification products with the primers flanking GREs were visualized on 2% agarose gel stained with ethidium bromide. To ensure the proper immunoprecipitation in ChIP, normal immunoglobulin G (IgG) in lieu of specific antibodies was used in ChIP, followed by PCR amplification using primers flanking GREs. While specific amplicons were clearly visible with GR antibody, no specific amplicon was observed with normal IgG. In addition, non-GRE-site specific PCR primers were used to amplify DNA fragments pulled down with GR antibody, which showed no specific amplicon. For ReChIP assay, normal IgG was used as a negative control for the second ChIP reaction with ERa antibody. While the pull-down DNA fragments obtained by using ERa antibody were PCR amplified with GREs-specific PCR primers, normal IgG produced no specific amplicon in PCR.
Statistical Analysis
Data are expressed as mean 6 SEM. Statistical significance (P , 0.05) was determined by analysis of variance (ANOVA).
RESULTS
Effects of OVX and E 2 Replacement on Heart Susceptibility to I/R Injury
Preischemic values of LV function were not significantly different among all six groups (data not shown). In shamoperated female offspring, consistent with the previous finding [9] , prenatal hypoxia did not significantly alter postischemic recovery of LV-developed pressure, LV end diastolic pressure, dP/dt max , and dP/dt min , nor myocardial infarct size and LDH release, as compared to the normoxic control (Fig. 1) . OVX significantly decreased postischemic recovery of LV function and increased infarct size and LDH release in both normoxic control and hypoxic groups, which were abrogated by E 2 replacement (Fig. 1) . However, there were no significant differences in postischemic recovery of LV function and myocardial infarction between normoxic and fetal hypoxic groups in either groups of OVX or OVX with E 2 replacement animals ( Fig. 1) .
Effects of OVX and E 2 Replacement on Agtr and Prkc Expression in the LV
OVX significantly decreased Agtr1 protein abundance but increased Agtr2 in the LV (Fig. 2A) . This was associated with a down-regulation of Agtr1a mRNA and an up-regulation of Agtr2 mRNA without significant changes of Agtr1b mRNA (Fig. 2B) . As shown in Figure 3 , mRNA and protein abundance of Prkce, but not Prkcd, was significantly reduced in the LV in OVX as compared with sham animals. These OVX-induced changes in the heart were recovered by E 2 replacement (Figs. 2  and 3 ).
Effects of OVX and E 2 Replacement on GR Binding to GREs at Agtr1a and Agtr2 Promoters
Western blot analysis revealed that both OVX and E 2 replacement had no significant effect on either total or nuclear GR protein abundance (data not shown). To determine the effect of OVX on GR binding to Agtr1a and Agtr2 promoters, competition EMSAs were performed in pooled nuclear extracts with the increasing ratio of unlabeled to labeled oligonucleotides encompassing GRE2 in the Agtr1a promoter and GRE4 in the Agtr2 promoter [8, 30] . As shown in Figure 4 , OVX significantly decreased the binding affinity of nuclear extracts to both GRE sites at Agtr1a and Agtr2 promoters, which was recovered by E 2 replacement. To further characterize the effect of OVX on GR binding to Agtr1a and Agtr2 promoters in vivo in the context of intact chromatin, ChIP assays were performed using a GR antibody. Figure 5 shows that OVX significantly decreased GR binding to GRE1, GRE2, and GRE3 sites at the Agtr1a promoter and GRE4, GRE5, GRE6, GRE7, and GRE8 sites at the Agtr2 promoter. Moreover, E 2 replacement restored the binding of GR to the control levels (Fig. 5) .
Effects of OVX and E 2 Replacement on ER Abundance and ER/GR Cross Talk at GREs in Agtr1a and Agtr2 Promoters
OVX significantly decreased both ERa and ERb protein abundance in the LV, which was rescued by E 2 replacement (Fig. 6) . ER may regulate gene expression by cross talking with several transcription factors, such as Sp1, Ap1, and NF-jB. To determine whether ER cross talks with GR in binding to GREs at Agtr1a and Agtr2 promoters, Re-ChIP assays were performed using both GR and ERa antibodies. Colocalization of ERa with GR was demonstrated at all GREs examined, including GRE1, GRE2, and GRE3 sites at the Agtr1a promoter and GRE4, GRE5, GRE6, GRE7, and GRE8 sites at the Agtr2 promoter (Fig. 7) .
DISCUSSION
The novelty of the present study is two-fold. First, postnatal ovarian hormones are not directly responsible for the sex dimorphism in fetal programming of heart ischemic vulnerability in female offspring exposed to prenatal hypoxia; however, estrogen protects against cardiac I/R injury in both normoxic control and antenatal hypoxic female offspring. Second, the mechanisms by which estrogen protects female hearts from I/R injury involve changes in the Agtr2 to Agtr1 ratio in the heart. This is mediated by enhanced GR binding to Agtr2 and Agtr1a promoters through increased ER/GR cross talk, resulting in up-regulation of Agtr1 and down-regulation of ESTROGEN PROTECTS THE HEART FROM ISCHEMIC INJURY Agtr2 expression, as well as increased Prkce abundance in the heart.
In the present study, we demonstrated that OVX increased cardiac I/R injury in female offspring in both normoxic control and prenatally hypoxic groups and that E 2 replacement ameliorated these effects. This is consistent with previous studies in rats, showing that OVX increased cardiac LDH and CK release and decreased viable cardiomyocytes when exposed to I/R insult [15, 31, 32] . Estrogen replacement reversed these effects, suggesting that estrogen-dependent pathways are vital in gender-specific cardioprotection against I/R injury. Additionally, previous studies demonstrated that chronic estrogen withdrawal in ovariectomized rats abolished the cardioprotective effects of ischemia preconditioning through the reduction of Prkce activity [33] . In addition to the chronic effect, acute administration of estradiol prior to I/R insult was found cardioprotective in both rabbit [34] and canine [35] models.
Previously, we demonstrated that maternal chronic hypoxia reduced myocardial recovery from I/R insult in adult male but not female offspring [7, 9] . This sex-dependent vulnerability of fetal programming has also been observed in other studies [36, 37] . Of importance, the present study demonstrated that the lack of effect in female offspring in response to fetal stressinduced programming of heart ischemic vulnerability was maintained in OVX animals. This indicates that postnatal estrogens may not confer an added advantage in protecting   FIG. 2 . Effect of ovariectomy (OVX) and estrogen replacement (OVX-E 2 ) on Agtr1 and Agtr2 protein and mRNA abundance in normoxic females. LVs were isolated from 4-mo-old normoxic females. A) Agtr1 and Agtr2 protein abundance was determined by Western blot analysis (n ¼ 4). B) Agtr1a, Agtr1b, and Agtr2 mRNA abundance was determined by real-time RT-PCR (n ¼ 5). Data are means 6 SEM. Data were analyzed by one-way ANOVA followed by Neuman-Keuls posttests, within each receptor subtype. *P , 0.05, OVX versus sham control or E 2 replacement.
FIG. 3. Effect of ovariectomy (OVX) and estrogen replacement (OVX-E 2 )
on Prkce and Prkcd protein and mRNA abundance in normoxic females. LVs were isolated from 4-mo-old normoxic females. A) Protein abundance of Prkce and Prkcd, was determined by Western blot analysis (n ¼ 4). B) Prkce and Prkcd mRNA abundance was determined by real-time RT-PCR (n ¼ 5). Data are means 6 SEM. Data were analyzed by one-way ANOVA followed by Neuman-Keuls posttests, within each isozyme. *P , 0.05, OVX versus sham control or E 2 replacement.
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females from fetal programming of cardiac dysfunction and suggests a novel mechanism occurred in the early developmental stage. Consistent with this notion, neurodevelopmental studies suggest that sex chromosomes may play a role in gender-specific ischemic sensitivity in cerebral vascular accidence [38] . Determining the mechanisms through which female offspring negate the programming effects of fetal stress is an intriguing area of study that deserves further investigation.
The finding that OVX altered Agtr1 and Agtr2 expression patterns in the heart provides a possible mechanism through which estrogen protects myocardial tissue. Our data suggest that estrogen increases Agtr1 but decreases Agtr2 expression in the heart. Although there has been some controversy about the specificity of commercial Agtr1 antibodies in mouse tissues [39] , the present finding that OVX and estrogen-mediated changes in Agtr1 protein abundance were consistent with the changes in Agtr1 mRNA levels suggests estrogen-mediated upregulation of Agtr1 expression in the heart. Similar findings were obtained in dexamethasone-induced changes in Agtr1 protein abundance determined by the Agtr1 antibody, which corresponded with the changes in Agtr1 mRNA in the heart [40] . In agreement with our findings, it was previously reported that E 2 increased Agtr1 in Wistar rats [24, 41] . This is intriguing given that previous studies have found the direct cardioprotective effect of Agtr1 and the opposite effect of Agtr2 in the acute setting of I/R injury [8] . Hence, the ratio of Agtr1 to Agtr2 in the heart plays an important role in sensitizing the myocardium for recovery or dysfunction from I/ R injury. Rodents have two types of Agtr1: Agtr1a and Agtr1b. Although the expression of Agtr1a and Agtr1b genes in rodents are under different promoter controls, they are functionally and on GR-binding affinity to GREs at Agtr1a and Agtr2 promoters in normoxic females. LVs were isolated from 4-mo-old normoxic females. The GRbinding affinity to GRE2 at Agtr1a promoter (A) and GRE4 at Agtr2 promoter (B) was determined in a competition EMSA performed in pooled nuclear extracts from LVs (n ¼ 5 in each group) with increasing ratios of unlabeled to labeled oligonucleotides encompassing GRE2 at Agtr1a promoter or GRE4 at Agtr2 promoter.
FIG. 5. Effect of ovariectomy (OVX) and estrogen replacement (OVX-E 2 )
on GR binding to GREs at Agtr1a and Agtr2 promoters in normoxic females. LVs were isolated from 4-mo-old normoxic females. GR binding to GREs at Agtr1a promoter (A) and GREs at Agtr2 promoter (B) was determined with ChIP assay using a GR antibody. Data are means 6 SEM (n ¼ 5 in each group). Data were analyzed by one-way ANOVA followed by Neuman-Keuls posttests, within each GRE site. *P , 0.05, OVX versus sham control or E 2 replacement.
XUE ET AL. pharmacologically indistinguishable at the protein level. In the present study, we have shown that OVX-mediated decrease in Agtr1 protein in the heart is mainly due to down-regulation of Agtr1a mRNA. Unlike rodents, large mammals, including humans, have only one type of Agtr1, which is equivalent to Agtr1a in rodents. There is no human equivalent Agtr1 to the rodent Agtr1b. Interestingly, Agtr1a is up-regulated by binding of glucocorticoids to GREs in the heart [30] . Conversely, modulation of GREs by glucocorticoids at the Agtr2 promoter exerts inhibitory effects on Agtr2 gene expression [8] . In the present study, competition EMSAs demonstrated that OVX significantly decreased the GR-binding affinity to GREs at Agtr1a and Agtr2 promoters, which was recovered by E 2 replacement. This finding was further demonstrated by ChIP assays. Although the ChIP assay does not quantify proteinbinding affinity to DNA, it shows that the protein binds to a specific region of DNA in vivo in the context of intact chromatin. While caution should be observed in the interpretation of reliable quantification in the ChIP assay, it has been widely used to estimate the interaction of protein to DNA. Taken together, these findings suggest that E 2 replacement abrogated OVX-induced reduction of Agtr1 and elevation of Agtr2 expression via rescuing GR binding to GREs at both Agtr1a and Agtr2 promoters in the heart. Nonetheless, other studies have found that E 2 replacement in OVX rats reduced cardiac Agtr1 but enhanced Agtr2 in 1-yr-old OVX rats [42] , suggesting that differential regulation of estrogens on Agtr that may be age dependent.
The present study demonstrated that OVX significantly decreased both ERa and ERb protein abundance in the heart, which was recovered by E 2 replacement. This is consistent with the premise that ovarian steroid estrogen maintains and regulates the expression of their own receptors ERa and ERb, and is largely in agreement with the findings of exogenous estrogen treatments in vivo on steroid receptor expression in the heart and vasculature [41, 43] . ERs have been implicated in cardioprotection. The acute activation of ERa is known to stimulate eNOS with cardioprotection against I/R [44], whereas ERa knockout also blocks cardioprotection in female offspring [45] . Likewise, ERb-knockout females are at greater risk of injury from I/R insults [14] . The finding that OVX decreased ER expression and reduced ERa/GR cross talk in binding to GREs located in the promoters of both Agtr1a and Agtr2 genes is of great interest and suggests an intriguing mechanism that estrogens may regulate Agtr1a and Agtr2 expression in the heart. Previous studies have shown that ER/ GR cross talk at AP-1 response elements [46] . Additionally, pulmonary inflammatory models have found a cross talk between ER/GR in gene regulation [47] . Perhaps ER/GR exerts tissue-specific effects. It is likely that the ER/GR interaction may mediate cardioprotective effects of estrogens by enhancing GR binding to the GREs at Agtr1a and Agtr2 promoters and altering the Agtr1 and Agtr2 ratio, leading to a cardioprotective phenotype. While a focus of the present study was ERs, we cannot rule out the involvement of additional mechanisms such as the signaling kinase PI3K or GPR30, which are regulated by estrogens. These pathways may work independent or synergistically with ERs to modulate the Agtr1 to Agtr2 ratio for cardioprotection. on ER/GR cross talk in binding to GREs at Agtr1a and Agtr2 promoters in normoxic females. LVs were isolated from 4-mo-old normoxic females. Cross talk binding of ER and GR to GREs at Agtr1a and Agtr2 promoters was determined by Re-ChIP assay with first GR pull-down and second ERa pull-down in pooled samples of LVs (n ¼ 5 in each group). The blots were run on one membrane for each GRE. To be consistent with other figures, the presentation of the blot was reordered.
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A possible mechanism in Agtr1/Agtr2-mediated cardioprotection involves Prkce [48, 49] . The present study demonstrated that OVX inhibited the Agtr1 to Agtr2 ratio, which was associated with a decrease in Prkce expression in the heart, which was restored by estrogen replacement. This is in agreement with the previous study showing that estrogen replacement restored Prkce in OVX rats [33] . Prkce plays a pivotal role of cardioprotection in heart I/R [6, 50, 51] . The study in a Prkce-knockout mouse model has demonstrated that Prkce expression is not required for cardiac function under normal physiological conditions, but it is necessary for acute cardioprotection during cardiac I/R [52] . Future studies will be needed to determine whether the Prkce activity is altered by estrogen-mediated changes in the Agtr1 to Agtr2 ratio in the heart.
Sex differences are demonstrated in fetal stress-induced developmental programming of cardiovascular dysfunction, and females tend to be more resistant. Although the mechanisms remain largely elusive, the present study demonstrates that the resistance of female offspring to fetal programming of ischemic-sensitive phenotype in the heart involves mechanisms mediated by factors other than postnatal sex steroid hormones, suggesting early developmental pathways that may protect female offspring later in life. In addition, other factors contributing to the increased sensitivity in male offspring may lead to sex difference in susceptibility to I/R. Of importance, the present investigation provides evidence of a novel mechanism by which estrogen protects female hearts against I/R injury via a cross talk between ER/GR in regulating endogenous protective mechanisms in the heart. These findings are important because they provide a mechanistic understanding that contributes to our knowledge of sex steroid hormones in gender-specific protection of cardiovascular function in women. It should be noted that although reactive oxygen species is formed following I/R, estrogen does not increase the antioxidant superoxide dismutase in the heart as has been suggested by some [53] .
